Abstract-Newly available Medium-Voltage (MV) SiliconCarbide (SiC) transistors are setting new limits for the design space of MV converters. Unprecedented blocking voltages, higher switching frequencies, higher commutation speeds, lower losses, and high temperature operation can be reached, which, however, create new challenges for the electrical insulation. In particular, the dielectric losses can become significant for MV converters operated at higher switching frequencies. Moreover, the evaluation of the dielectric losses is a key element for assessing the insulation stress and for insulation diagnostics. Therefore, this paper analyzes the modeling and the computation of dielectric losses with PWM voltages. After a review of the dielectric loss mechanisms occurring in polymeric insulation materials, scalable analytical expressions are proposed for the losses produced by PWM voltages. Afterwards, the dielectric losses of a Medium-Frequency (MF) transformer, employed in a 25 kW MV DC-DC converter (7 kV to 400 V) operated at 48 kHz, are analyzed and measured in detail. With epoxy resin, the insulation losses represent a significant share, i.e. up to 17 %, of the total transformer losses. As shown, the transformer performance can be significantly improved with a silicone elastomer insulation. Finally, design guidelines are provided for the selection of insulation materials.
I. INTRODUCTION
The need to integrate renewable energy sources into the Medium-Voltage (MV) grid, to supply large DC loads from the MV grid, or to control the power flow, has led to a rapid growth of the research and industry interest for MVconnected power electronic converters [1] - [8] . The ongoing trend towards higher energy efficiencies and power densities, combined with new Silicon-Carbide (SiC) switches, promotes the use of higher switching frequencies, i.e. MediumFrequency (MF) energy conversion [2] , [5] , [9] . The design of such MV/MF converters is typically examined at system level [3] , [4] , [6] , [7] , [10] and component level [9] , [11] - [13] while the electrical insulation is often neglected [14] - [17] .
According to [18] , insulation failures, in grid-connected magnetic components, are already challenging in LowFrequency (LF) systems. In [19] - [22] , it is shown that the fast voltage transients generated by power converters further increase the stresses applied to a dry-type insulation system, leading to increased failure rates. In this context, the usage of new SiC switches, which show higher voltage capabilities (up tp 15 kV), higher switching speeds (up to 100 kV/µs), and higher switching frequencies (up to 200 kHz), is particularly critical [1] , [9] , [23] , [24] . Moreover, due to the high power density, elevated operating temperatures are usually occurring inside power converters. Additionally, the emergence of converter topologies featuring complex voltage waveforms, such as multi-level output voltages [15] , [25] or multiple galvanically insulated ports [26] - [28] , is creating new challenges for design of the electrical insulation. For these reasons, the insulation used in such power converters requires a careful examination in order to obtain a solution which accommodates the opposing requirements for compactness, long-term reliability, thermal management, and EMI performance [12] , [13] , [23] , [29] .
Literature related to the evaluation of insulation stresses and insulation diagnostics proposes the examination of partial discharges, breakdown voltages, leakage currents, field distributions, dielectric losses, etc. [15] , [21] , [22] , [30] - [33] . Among these methods, the inspection of the dielectric losses is of particular interest:
• The dielectric loss densities (or changes thereof) are found to be related to the lifetime and the reliability of insulation systems, especially for MV/MF components [15] , [32] , [34] , [35] .
• The quantitative calculation of dielectric losses is possible. In contrast, the partial discharge activities or breakdown voltages are difficult to predict without extensive measurements.
• The online or offline monitoring of the insulation losses allows the detection of insulation degradation and represents a valuable diagnostic tool (e.g., quality control and preventive maintenance) [19] , [34] , [36] , [37] .
• Even if the dielectric losses are usually small compared to the total losses of a converter, this may not be the case for converters simultaneously operated at high voltages and high-frequencies [5] , [10] , [15] , [35] .
• The insulation temperature increase, due to the converter losses, can drive the dielectric itself into a highloss regime, with a subsequent thermal breakdown of the insulation [35] , [38] .
It should be noted that, even if the presented analysis is conducted for MV/MF applications, the same problem can appear for Low-Voltage (LV) converters operated with fastswitching Gallium-Nitride (GaN) HEMTs (above 10 MHz) [39] , [40] . In such systems, due to the extreme switching frequencies, even reduced voltages (below 1 kV) can also produce significant insulation stresses. Accordingly, the theoretical analysis proposed in this paper is also directly applicable to LV systems operated at high-frequencies.
To the knowledge of the authors, the exact impact of the harmonics contained in PWM voltages (compared to purely sinusoidal voltages) on the dielectric losses, up to now, has not been studied in detail. Therefore, this paper examines the computation of insulation losses in converters and is organized as follows. After recalling the definition of the dielectric losses in time and frequency domain in Section II, simple and scalable expressions are derived in Section III for their evaluation with PWM waveforms. The frequency and temperature dependences of the dielectric material properties are discussed in detail. In Section IV, the presented analysis methods are applied to a specific MV/MF transformer design. The predicted dielectric losses are successfully compared with measurements conducted on the constructed prototype. Finally, Section V presents guidelines for choosing appropriate insulation materials for MV/MF applications.
II. DIELECTRIC POLARIZATION LOSSES
The electrical and dielectric response of a solid insulation material depends on various microphysical processes such as polarization (e.g., electronic, atomic, and dipolar), leakage current (surface and bulk DC conductivity), charge trapping, partial discharges, etc. [32] , [34] , [41] . The losses occurring inside insulation materials of MV power converters are mostly linked with the dielectric polarization effects [32] , [35] . The nonlinearities and additional losses which appear above the partial discharge inception voltage and at very low-frequencies (e.g., space charge migration and leakage current) are usually negligible and, therefore, not considered in this paper [20] , [38] , [42] . For typical materials, operating frequencies, and electric field strengths used in power converters the polarization effects are linear with respect to the electric field [38] , [41] , [43] . Non-linear polarization effects are mostly occurring in ferroelectric materials (e.g., ceramic capacitors), which are not used as insulation materials due to their high permittivity [38] , [41] . With these assumptions, the mathematical models used for calculating the dielectric losses are presented in this Section.
A. Time Domain
As known from linear system theory, the dielectric response of a linear isotropic material is fully described with the polarization response to an electric field unit step [42] , [44] , [45] . This process is shown in Fig. 1 for a simple exemplary dielectric (Debye relaxation model, no leakage current) [32] , [42] . The derivative of the step response (displacement field) is the impulse response (current density). At t = 0, the impulse response goes to infinity (Dirac delta), which corresponds to a instantaneous charging of the vacuum capacitance of the considered electrode arrangement. The polarization mechanisms occurring at extreme frequencies (e.g., polarization at optical frequencies) can also be included in this quasi-instantaneous response (Dirac delta), at least for power electronic applications. It should be noted that, with the step and impulse responses, only the total losses can be determined. Without additional information on the physical nature of the polarization mech- [32] , [42] .
anisms (e.g., transfer dynamics between the dipoles and their molecular environment), an instantaneous dielectric loss rate cannot be specified.
The polarization response to an arbitrary voltage excitation can be obtained by convoluting the applied electric field with the impulse response [32] , [45] :
where E is the applied electric field, J st the impulse response, D the obtained displacement field, and J the obtained current density. Then, the input power per unit volume (p) and the supplied energy density (w) can be written as
The time domain convolution is illustrated in Fig. 2 for trapezoidal electric field pulses, as resulting from PWM voltages. The dielectric response (D, J , p, and w) contains contributions from the vacuum permittivity (instantaneous response and lossless) and from the material polarization (linked to the dielectric susceptibility, delayed response, and lossy). The dielectric losses can be obtained by making the energy balance between the supplied energy and the energy stored in the field, cf. Fig. 2(e) . In analogy to magnetic losses, the dielectric losses can also be extracted from the area between the electric field and the displacement field, i.e. the hysteresis curve, cf. Fig. 2(f) .
Despite its conceptual clarity, the computation of dielectric losses in time domain is often problematic since it involves a convolution integral. Also, the step and impulse responses of the insulation materials are often not directly available. Moreover, the numerical simulation of the electric field in time domain is computationally intensive (e.g., FEM). For these reasons, it is preferable, especially for periodic excitations, to compute the dielectric losses in frequency domain. [32] , [42] .
B. Frequency Domain
The response of a linear isotropic dielectric can be described with its complex permittivity and conductivity. The following relationships can be defined [32] :
where f is the frequency, J the current density (due to both free and bound charges), E the electric field, σ the conductivity, and ε f the permittivity. The permittivity is obtained by the following Fourier transform [32] , [45] :
where J st is the displacement current density response to an electric field unit step (cf. Fig. 1(a) ). The fact that the frequency domain permittivity is the Fourier transform of a real function imposes some restrictions on ε r f . Moreover, the polarization step response respects causality (equal to zero for t < 0). These conditions are expressed by the Kramers-Kronig relations which link the real and imaginary parts of the permittivity [32] , [42] :
where P denotes the Cauchy principal value of an integral (handling of the singularity). If the variation of ε r f is moderate (in a given frequency range), the following approximation of (7) can be derived [42] , [45] :
This equation states that a decrease of the real part of the permittivity in a given frequency range will produce a loss peak (imaginary part) in the same frequency range. Compared to (7), this approximation is much simpler: no integral over the complete spectrum, no singularity, and applicable locally. Fig. 3 (a) depicts the frequency dependence (at a fixed temperature) of the complex permittivity for an exemplary polymeric insulation material. With increasing frequency, the dipoles successively lose their ability to follow the external electric field and the real part (and magnitude) of the permittivity drops [32] , [41] , [46] . It can be seen that the derivative of the real part (in a logarithmic frequency scale) is approximately proportional to the imaginary part (cf. (8)). Two typical loss peaks, corresponding to different types of relaxing dipoles, are shown: segmental motion of polymer chains (α relaxation) and orientation of local dipoles (β relaxation). Other loss peaks may occur (e.g., γ relaxation and MWS mode) but are less relevant for the frequency range used by power electronic converters [41] , [46] . Towards the lower end of the frequency spectrum (typically well below 50 Hz), the loss due to the DC conductivity (leakage current) begins to dominate the imaginary part of the (effective) permittivity (cf. (3)). Fig. 3(b) shows a typical temperature dependence (at a fixed frequency) of the complex permittivity. The real part of the permittivity increases with temperature due to the higher dipole mobility [41] , [46] . Again, contributions from discrete relaxation modes (α and β relaxations) and DC conductivity are present (in reverse order compared to the frequency dependence). The α relaxation peak defines the glass transition temperature of the material, T g , where the material is going from a brittle glassy state to a viscoelastic rubbery state, with a characteristic drop in the polymer's elastic modulus [46] . The glass transition temperature is typically measured at very low frequencies, where f = 1.6 mHz represents the prevalent choice [46] . Fig. 3(c) shows the corresponding Arrhenius plot where the frequency and temperature dependences of the loss peaks are simultaneously illustrated. Usually, the α and β peaks merge into a single peak at high-frequency [46] . At low-frequencies or high temperatures, the leakage current dominates over the polarization current.
It should be noted that the AC losses can be arbitrarily split between σ and ε r while the DC losses can only be represented with σ (cf. (3)). Moreover, with typical AC dielectric spectroscopy measurements, only the total losses are measured and the conduction and polarization losses cannot be split [34] , [37] . Usually, σ is set with the DC conductivity and is accepted to be frequencyindependent. Then, ε r is chosen such that σ+2π f ε r matches the measured AC losses. However, the conduction losses in the insulation of power converters are usually negligible (compared to the polarization losses). Therefore, only the polarization losses are considered in this paper.
C. Loss Computation
With the help of the complex permittivity, it is straightforward to express the time-averaged losses of an insulation system excited with a periodic electric field as
where V is the insulation volume, f s the fundamental frequency, and E n,RMS the RMS Fourier series coefficients of the electric field norm. In case of a homogeneous and isothermal dielectric placed between an arbitrary number of electrodes, the expression for the losses can be simplified to
where C 0 is the vacuum capacitance matrix (describing the geometry) and ϕ n,RMS is a vector containing the RMS Fourier series coefficients of the potentials applied to the different electrodes. The matrix is computed with ε 0 such that Q = C 0 ϕ, where Q and ϕ are vectors containing the charges and the potentials (with respect to the reference potential 0 V) of the different electrodes. The aforementioned formulas make use of the complex permittivity. However, for a given material, the absolute value of the permittivity (ε r ) is often given (e.g., norms and datasheets) together with the loss tangent or dissipation factor (tan δ). Equivalent circuits consisting of the series (C ESR and R ESR ) or parallel (C EPR and R EPR ) connection of a capacitor and a resistor are also common. These quantities are related to the real and imaginary part of the complex permittivity as follows:
The loss tangent is a figure of merit for capacitors (losses compared to the stored energy). Since energy storage is not a desirable property of electrical insulation, the loss tangent is not a figure of merit for insulation materials. Models based on the series or parallel equivalent circuits are massively frequency-dependent even for a constant complex permittivity. The approximation of a frequency-independent equivalent circuit, which is common for the computation of capacitor losses in case of constant frequency sinusoidal operation, is invalid for the dielectric losses of insulation materials with PWM voltages (due to the broad voltage spectrum). This would lead to a massive overestimation (C ESR and R ESR ) or underestimation (C EPR and R EPR ) of the dielectric losses. It should also be noted that the instantaneous losses obtained with the series or parallel equivalent circuits do not feature any physical meaning (only the average losses should be considered). For these reasons, the complex permittivity representation in frequency domain is used in this paper.
III. DIELECTRIC LOSSES WITH PWM VOLTAGES
In steady state operation, typical power converters generate PWM voltages which are also applied to the insulation. Expression (10) allows the calculation of the dielectric losses by means of numerical computations. It is, however, very difficult to separate the influence of the different parameters since the frequency-dependent material parameter ε r f and the amplitude of the voltage harmonic components appear in the product term of the infinite sum.
In order to find a closed-form expression for the losses produced by PWM voltages, a constant value of ε r f is first considered in Subsection III-A, which, according to [43] is an admissible assumption for certain insulation materials. This holds true for low-loss polymeric materials (e.g., PTFE and PP) for which no significant relaxation peaks occur within the frequency band excited by typical PWM voltages. With this hypothesis, ε r f can be taken out of the sum (10), allowing the decoupling of the impact of the material properties from the applied excitation. Afterwards, in Subsection III-B, the frequency dependence of the permittivity is analyzed. Finally, Subsection III-C and Subsection III-D explain the implications of such frequency dependences on the dielectric losses.
A. PWM with Frequency-Independent Materials
An insulation system with two electrodes is considered and a PWM voltage is applied, as illustrated in Fig. 4 (a). The switching transitions are shown in Fig. 4(b) . The commonly used ramp function generates a spectrum with side lobes (sin (x) /x shaped harmonics) and, therefore, is complex to analyze in frequency domain. However, the step response of a first-order low-pass filter features a similar spectrum which can be described with a simpler formula. For this reason, the step response of the following low-pass filter is used:
where t r is the 10 % − 90 % rise time, cf. Fig. 4 (b). The associated harmonic components (Fourier series, without DC component) of the PWM voltage can be computed as
where D c is the duty cycle and V DC the amplitude. With the voltage harmonics, the spectral components of the losses (cf. (10)) and the total (time averaged) losses can be computed:
where f s is the switching frequency, P n the spectral losses, P n,c the partial losses of the first n harmonics, and P the total losses. The assumption ε r f = const. is made. Fig. 5 depicts the voltage harmonics (cf. (17)), the loss spectral components (cf. (18)), and the cumulative sum of the losses (cf. (19) ). The voltage and power harmonics are proportional to ∼ 1/n for frequencies below the corner frequency of the low-pass filter. Above the corner frequency, the voltage and power harmonics are proportional to ∼ 1/n 2 and ∼ 1/n 3 , respectively. Therefore, the sum (19) only converges above the corner frequency [47] .
This implies that an infinitesimally short switching transition would lead to infinite losses. However, this is only true with the assumption of a frequency-independent complex permittivity, which is nonphysical for very large frequency ranges (cf. (8)). Nevertheless, the aforementioned results indicate that a model of the switching transition is required for evaluating the dielectric losses with PWM voltages (cf. (16)). Moreover, the sum P is much greater than the fundamental harmonic P 1 , showing that a fundamental frequency analysis is invalid.
The calculation of (19) is computationally intensive since it requires the summation of many harmonics (cf. Fig. 5(d) ). This holds especially true for the cases where the electric field patterns are obtained from numerical simulations and the summation is performed on a meshed geometry. Therefore, a closed-form approximation is proposed (with the hypothesis ε r f = const.):
where P 1 expresses the losses at the fundamental frequency (with D c = 50 %). The correction factor λ takes into account the duty cycle and the harmonics. The constant γ ≈ 0.58 is the Euler-Mascheroni constant. The derivation of (20) requires elaborate calculations, which are given in Appendix A. The accuracy of the approximation is evaluated in Appendix E for different frequencies, duty cycles, and switching speeds. It is found that the approximation is highly accurate (1 % error). The error is also small (4 % error) if a ramp function is used instead of the low-pass filter step response for modeling the switching transition (cf. Fig. 4 (b)). This indicates that an exact model of the switching transition is not necessary and that the model used in (16) is sufficient. Moreover, this approximation can be applied to PWM signals with variable duty cycle (e.g., sinusoidal modulation and multi-level inverters) by means of local duty cycle averaging, as shown in [14] . 
B. Frequency-Dependent Materials
In the previous Subsection, a constant ε r f has been assumed. However, due to the coupling between the real and imaginary part of the permittivity (Kramers-Kronig relations, cf. (8)), this approximation cannot be accurate in a wide frequency range. The fact that the insulation of power converters is subject to a wide range of operating temperatures and frequencies increases the probability of encountering loss peaks (cf. Fig. 3) .
In this paper, at first, an epoxy resin is considered since this a common insulation material for potting MV components. This resin is an unfilled epoxy ("vonRoll Damisol 3418") with a high glass transition temperature (T g = 136
• C) [36] , [49] . Due to the high glass transition temperature, this epoxy features low losses in a wide temperature range (cf. Fig. 3 ).
The complex permittivity is typically measured with a dielectric spectroscopy setup. A voltage is applied to the dielectric and the current is measured. Then, the complex [48] . An approximation of ε r f , computed with the Kramers-Kronig approximation (8) , is also shown. The selected frequencies and temperatures are located below the α and β peaks (cf. Fig. 3 ).
impedance is computed and the complex permittivity can be extracted. Such measurements are intrinsically illconditioned due to the low dissipation factor, i.e. the phase shift between the voltage and the current is almost 90°. Therefore highly accurate impedance measurement setups, which are optimized and/or calibrated for capacitive loads, are required [36] , [37] . Fig. 7 shows the measured complex permittivity for the selected resin. The measurements are done with a disc-shaped specimen using a "Novocontrol Alpha-A" high precision dielectric spectroscopy system [48] . The α relaxation peak (at the glass transition temperature) and the beginning of the β relaxation peak (peak above 10 MHz) can be identified (cf. Fig. 3 ). The α relaxation peak is very large and corresponding large losses result if the epoxy resin is operated near the glass transition temperature. It is therefore obvious that the approximation of a constant complex permittivity can only be valid in a limited frequency and temperature range.
The Kramers-Kronig relations can be applied to the measured data. Between the relaxation peaks, where the permittivity curve is flat, the approximation (8) of the Kramers-Kronig integral (7) can be used. Fig. 8 shows the correlation between the real and imaginary part of the permittivity and the curves reconstructed with (8) . A detailed analysis of the accuracy of the approximation of the KramersKronig relations is presented in Appendix D and it is found that the approximation is valid between the loss peaks (9 % error).
C. Upper Bound on the Dielectric Losses
In Subsection III-A, it has been shown that the model of a frequency-independent permittivity diverges for infinite switching speeds. With the results presented in Subsection III-B, this problem can be eliminated and an upper bound for the dielectric losses can be derived.
A single (non-periodic) voltage transition (step response of a first-order low-pass filter, cf. Fig. 4(b) ) is considered. With the Fourier transformation, the dissipated energy can be calculated in frequency domain:
The derivation of (23) is given in Appendix B. For slow switching transition (cf. (16)), the integral converges to zero:
With the Kramers-Kronig relations (cf. (6)), the expression (23) can be rewritten as
The derivation of (25) is also given in Appendix B. For a switching transition with an infinite switching speed (cf. (16)), the integral converges to zero. This implies that the first term of the equation represents an upper bound for the dielectric losses [45] :
However, with periodic PWM voltages, this upper bound is usually not reached due to the limited switching speed of the semiconductors. Additionally, a periodic PWM signal does not excite frequencies below the switching frequency, which is not the case for a single (non-periodic) switching transition. Therefore, this upper bound is only of theoretical interest and cannot be used for computing the dielectric losses of insulation systems. An approximation taking into account the finite switching speed and the presence of a finite fundamental period is presented in the next Subsection.
D. PWM with Frequency-Dependent Materials
The approaches considered in Subsection III-A (cf. (20)) and Subsection III-B can be combined for extracting a closedform approximation of the dielectric losses produced by frequency-dependent materials under PWM voltages: where P 1 represents the losses at the fundamental frequency. The correction factors λ 1 and λ 2 describe the impact of the duty cycle, the harmonics, and the frequency dependence of the material parameters. The derivation of (27) is given in Appendix C. The proposed formula requires the measurement of ε r f for f ∈ [ f s , f c ] (cf. (16) and (17)), which is not always available and difficult to measure (due to ε r ε r ) [34] , [37] , [50] . However, with the Kramers-Kronig relations (cf. (8)), the approximation (30) can be rewritten as
The area ε r,int (cf. (30)) approximates the summation over frequencies of the dielectric losses (cf. (19) ) and, therefore, is a figures of merit for the losses generated by a dielectric material with PWM voltages. The integral can be combined with the derivative present of the Kramers-Kronig approximation (cf. (8)) leading to an even simpler figure of merit: the difference ε r,diff (cf. (34)). Fig. 9 illustrates how these figures of merit can be used for comparing the losses at different temperatures. In addition, they are useful for comparing the losses between different materials.
The accuracy of the approximations is evaluated in Appendix E for different frequencies, duty cycles, switching speeds, and temperatures. The approximations are found to be valid for the selected resin: 8 % error with (27) and 16 % error with (31) . If the frequency dependence of the material parameters is neglected (cf. (20) ), the error is greater than 100 %, indicating that the frequency dependence of the permittivity must be considered for accurate computations.
IV. CASE STUDY: MV/MF TRANSFORMER
With the help of the proposed approximations, the dielectric losses of different components can be examined. Since it has been identified that the stresses are particularly high for MV/MF transformers operated inside MV DC-DC converters, such a transformer has been selected for this case study [13] , [14] , [17] , [23] , [24] .
A. Transformer Design
A 25 kW single-phase MV SiC Solid-State Transformer (SST) interfacing a 3.8 kV (RMS, phase-to-ground) AC grid to a 400 V DC bus is considered [1] , [4] , [5] , [14] . Fig. 10(a) shows the circuit topology, which consists of a full-bridge AC-DC rectifier coupled with an insulated series-resonant DC-DC converter. The AC-DC and the DC-DC converters share a common 7 kV DC bus and the usage of 10 kV SiC MOSFETs allows the realization of both converters with a single-stage structure. Zero Voltage Switching (ZVS) is achieved for all semiconductors and, therefore, the SST can be operated at 48 kHz. More details about this SST can be found in [10] , [51] . The MV/MF transformer, which is operated inside the DC-DC converter, is subject to all identified critical aspects with respect to dielectric losses: high-frequency, high switching speed, large common-mode (CM) voltages, and large differential-mode (DM) voltages.
Figs. 10(b)-(c) show the constructed transformer and Tab. I summarizes the key parameters. The stray inductance of the transformer, together with the series capacitor located on the LV side, is used as a resonant tank [5] , [23] . The DC-DC converter is operated at the resonance frequency and ZVS is achieved with the magnetizing current of the transformer [10] . This implies that the switched current is nearly load-independent and that the switching transitions feature a limited speed, which is beneficial for the dielectric losses [9] , [23] . Due to the split DC-link half-bridge configuration, the DM voltage applied to the MV winding is ±3.5 kV. Fig. 11 shows the measured voltages applied to the transformer and the corresponding currents [10] .
In addition to the DM voltage applied to the transformer by the DC-DC stage, the AC-DC stage is creating an extra CM voltage. Fig. 12 illustrates the total voltages applied to the MV side of the transformer, given that system is grounded with respect to the AC grid (solid-earthing) on the MV side and with respect to the DC-link negative rail on the LV side. The first component of the CM voltage is generated by the AC-DC stage, i.e. the negative rail of the MV DC-link is jumping between −7 kV and 0 kV with respect to the earth (at 48 kHz, with a sinusoidal modulation). The second component of the CM voltage is created by the DClink half-bridge configuration of the DC-DC stage, which is adding a constant CM voltage of 3.5 kV [15] . The total CM voltage has an average value of 0 kV over a complete grid period [15] . Altogether, a CM LF AC voltage, a CM MF PWM voltage, and a DM MF PWM voltage are applied to the transformer insulation and the peak voltage is 7 kV.
The transformer has been designed following the guidelines proposed in [12] , [23] , [52] and a ferrite core and litz wire windings have been chosen. A U-core based transformer allows for an efficient cooling of the winding near the winding head. A shell-type winding arrangement reduces the stray magnetic field in the winding window and, therefore, the high-frequency winding losses. The LV winding is placed near the core leg for several reasons: this winding arrangement improves the cooling of the MV winding, which is critical [14] and facilitates the realization of the MV cable terminations. Two air ducts are placed between the core and the winding package to allow for an efficient air-forced cooling (with a fan) [11] , [12] . The MV winding is divided into two chambers and three layers which represents a good trade-off between the insulation stresses, the winding capacitance, and the complexity of the winding scheme [51] , [53] . The transformer core is grounded with respect to the LV side such that no MV insulation is required for the LV winding. More details about the transformer design and construction can be found in [10] , [23] . Fig. 13 shows the workflow used for computing the transformer losses. The magnetic field and the electric field are computed with frequency domain FEM simulations, where the exact winding structure is considered (placement of the turns and layers) [54] . The temperature distribution (40 • C ambient) is extracted with stationary FEM simulations [54] . Inside the transformer, only heat conduction processes are present (potted winding package with a temperatureindependent thermal conductivity). The heat extraction from the winding package and the core to the ambient is done with a forced convection process and the characteristic curve (pressure flow diagram) of the considered fan is integrated. The spatial dependence of the losses and the frequency and temperature dependences of the material parameters are considered (i.e. non-uniform loss distribution). For each point (mesh element), the losses are computed with the applied stress (magnetic flux, electric field, or current density) and temperature. The consideration of non-uniform loss distribution is required for modeling eventual thermal runaways, which are occurring locally, at the temperature hotspots. An iterative process is used in order to find the equilibrium temperature distribution with the corresponding local values of the material parameters.
B. Transformer Simulation
The winding losses (skin and proximity effects) are computed according to [12] , the core losses (improved generalized Steinmetz equation with measured Steinmetz parameters) according to [55] , and the dielectric losses (smallsignal frequency domain measurements of the complex permittivity with disc-shaped specimens) according to (9) .
C. Epoxy Resin Insulation
In a first step, the transformer is insulated with the aforementioned "vonRoll Damisol 3418" unfilled epoxy resin (cf. Fig. 7 ) [49] . Figs. 14(a)-(b) show the simulated losses and the corresponding temperature distribution for different load conditions. As expected, the voltage related losses (core, cooling, and insulation) are approximately load-independent. Only the winding losses, which are related to the current, are (quadratically) load-dependent. The key parameters (electric field and dielectric losses) are summarized in Tab. II at the nominal load (25 kW). The maximum peak electric field in the insulation is 22.6 kV/cm, which is low for a dry-type insulation material [17] , [56] , [57] . However, the total capacitive reactive power, computed as the sum of the reactive power of the different harmonics, is 1.0 kVar. This implies that, even with a low dissipation factor, the dielectric losses represent 27 % of the transformer losses at no-load operation and 17 % at the nominal load.
For loads exceeding 28 kW (12 % overload), a thermal runaway occurs in the insulation (inside the core window, between the windings). The mechanism of the thermal runaway can be explained as follows. The hot spot temperature of the transformer increases when evaluated over the load. This temperature increase is mainly produced by the winding losses which are strongly load-dependent. When the hot spot temperature reaches the glass transition temperature of the insulation material (T g = 136
• C for the considered epoxy resin), a massive increase of the dielectric losses occurs (α peak, cf. Fig. 7 ). According to these results, the considered epoxy resin, which is a typical resin employed for LF systems, is less suitable at MF.
The considered unfilled resin features low-losses (cf. Fig. 7 ) and a high glass transition temperature (T g = 136
• C) at the cost of a low thermal conductivity (0.3 W/mK). Unfortunately, this problem is likely to appear with most epoxy resins. Filled epoxy resins will typically feature higher thermal conductivities but also higher losses and lower glass transition temperatures [34] , [43] . Hence, the transformer prototype has not been insulated with epoxy resin.
D. Silicone Elastomer Insulation
Materials with significantly lower or higher glass transition temperatures (compared to the operating temperature) would be better suited for the insulation of MF transformers. Therefore, silicone elastomers which feature a low glasstransition temperature (below 0
• C in the relevant frequency range) are considered, such that the loss peak associated with the glass transition temperature is not critical [58] . Furthermore the β relaxation, which is much smaller than the α relaxation is occurring in the MHz range, i.e. above the corner frequency defined by the switching speed (cf. (16)). Therefore, over the complete operating range, no resonance peaks are encountered (cf. Fig. 3 ). The relatively high cost 
of silicones (as compared to epoxies) is not a disqualifier for MF applications since the insulation volume is relatively small due to the high power densities. For the considered transformer, the silicone elastomer "Dow Corning TC4605 HLV" has been chosen [59] . This elastomer features a relatively high breakdown strength, moderate permittivity, low dielectric losses, high thermal conductivity (the silicone is mixed with a filler), high temperature stability, low flammability, low viscosity (before curing), good mechanical stability (after curing), and good surface adhesion. The key properties of the material are summarized in Tab. III.
Figs. 14(c)-(d) show the simulated losses and the corresponding temperature distribution. The key parameters (electric field and dielectric losses) are summarized in Tab. II at the nominal load (25 kW). Compared to the epoxy insulation, the maximum RMS electric field, maximum peak electric field, and the capacitive reactive power are similar. However, the dielectric losses are lower: 16 % of the transformer losses at no-load operation and 11 % at the nominal load. The simulation shows that with silicone insulation, the transformer could be operated at 35 kW (40 % overload) without experiencing excessive temperature or a thermal runaway. Fig. 15 depicts the RMS electric field and the insulation losses. Due to the split DC-link half-bridge configuration, the electric field pattern is slightly asymmetric between the two halves of the core sets (cd. Fig. 12 ) [15] . As expected, the electric field is most pronounced between the MV and LV windings and inside the MV winding. Due to the permittivity mismatch between the silicone and the air, the electric field in the air ducts is particularly large, but below the ionization electric field in air [17] , [23] . Since the insulation losses are proportional to the square of the electric field, the dielectric losses are only significant near the surface of the MV winding.
E. Dielectric Loss Measurements
From the aforementioned considerations and simulations, the silicone elastomer "Dow Corning TC4605 HLV" appears to be superior to epoxy resins and, therefore, has been chosen for insulating the transformer prototype. The LV and MV windings are wound on a polycarbonate coil former, potted with a vacuum potting process (30 mbar), and cured in an oven (120
Due to the low dissipation factor, dielectric losses are only accounting for a small part of the total transformer Due to the permittivity mismatch between the silicone and the air, the electric field is pushed towards the air ducts, given that the magnetic core is grounded.
losses, i.e. 16 % at no-load operation and 11 % at the nominal load. Therefore, the extraction of the dielectric losses during rated operation is intrinsically ill-conditioned and, therefore, inaccurate. For this reason, the measurement of the insulation losses is done with pure CM excitations between the MV and LV windings (the core is grounded with respect to the LV side). With such an excitation, no core or winding losses are occurring and the presented dielectric loss computation methods can be validated. The following excitations are considered:
• S 50k -A MV/MF sinusoidal voltage with a frequency of 50 kHz and a peak amplitude of ±3.6 kV.
• S 100k -A MV/MF sinusoidal voltage with a frequency of 100 kHz and a peak amplitude of ±3.6 kV.
• P 890n -A MV/MF PWM voltage with a switching frequency of 50 kHz, a duty cycle of 50 %, a rise time (10 % − 90 %) of 890 ns, and an amplitude of ±3.5 kV.
• P 480n -A MV/MF PWM voltage with a switching frequency of 50 kHz, a duty cycle of 50 %, a rise time (10 % − 90 %) of 480 ns, and an amplitude of ±3.5 kV. Fig. 16 shows the measured voltages and the associated CM current through the insulation (C CM = 139.3 pF). The sinusoidal voltages are generated with a series-resonant circuit fed by a linear amplifier. The PWM voltages are generated by a 10 kV SiC MOSFETs bridge [9] , [10] . The switching speed of the MOSFETs is adjusted with the ZVS current, which is provided by a parallel inductor featuring an adjustable air-gap.
The electrical measurement of the dielectric losses is difficult since most dielectric measurement systems are working with small-signal sinusoidal waveforms and cannot deal with MV/MF sinusoidal or MV/MF PWM voltages. Therefore, the following measurement methods are considered (at an ambient temperature of 22
• Meas. / LV frequency -The transformer is measured with small signal excitation and the spectral components of the dielectric losses are extracted. The low-frequency measurement (below 150 kHz) are done with the setup described in [36] , [37] and the high-frequency measurements (above 150 kHz) are obtained with a precision impedance analyzer [60] . Both measurement setups are carefully calibrated with a quasi-lossless gas reference capacitor [61] . Afterwards, the losses associated with the aforementioned excitations are reconstructed using (10) with the hypothesis that the dielectric polarization of the insulation material behaves linearly with respect to the electric field. The peak voltage applied to the insulation varies, depending on the used setup, between 1.4 V and 140 V. Since the dielectric losses are proportional to the square of the voltage, this implies that the measured losses are between 10 2 and 10 7 times smaller than the unscaled values.
• Meas. / MV calorimetric -The transformer is measured with the MV signals and the losses are extracted with transient calorimetric measurements [9] . The windings are equipped with four NTC thermistors (two at the surface of the potted windings and two inside the windings) and the complete transformer (without the fan) is brought in a thermally insulated polystyrene box. In a first step, the relations between the measured temperatures and the losses are extracted by injecting DC currents in the MV winding (between 1 W and 10 W of losses). Afterwards, the transformer is fed with the MV CM voltages (cf. Fig. 16 ) and the temperatures are recorded. Then, it is straightforward to extract the dielectric losses from the calibration data. The duration of the calibrations and measurements is set to 18 min and the time constant of the system is 35 min (without the fan). This implies that the measurement is done during the temperature transient. The temperature elevation remains under 3
• C, implying that the temperature dependence of the permittivity can be neglected. This measurement method does not rely on the linearity of the insulation material. The only hypothesis is that the temperature distribution is The computation of the losses is done with the CM electric field obtained from FEM (C CM = 149.8 pF) [54] . The insulation material properties are obtained with small-signal frequency domain measurements of the complex permittivity on a disc-shaped specimen. Then the following methods are used for computing the losses (cf. Section III):
• Sim. / Infinite Summation -The dielectric losses are obtained with an infinite summation over the harmonics (cf. (10)). For the sinusoidal voltages, only one term is non-zero.
• Sim. / Imag. Eps. Approx. -The approximations based on the imaginary part of the permittivity are used for extracting the losses (cf. (27) , (28), (29), and (30)). This method is only applicable to PWM voltages (not for sinusoidal).
• Sim. / Real Eps. Approx. -The approximations based on the real part of the permittivity are used for extracting the losses (cf. (31), (32), (33), (34)). This method is only applicable to PWM voltages (not for sinusoidal).
Tab. IV depicts the calculated and measured losses. The maximum error between the two measurement methods is below 9 % and the maximum error between the measurements and the computations is below 13 %. These deviations matches with the estimated measurement uncertainties. For the MV calorimetric measurements, the total estimated uncertainty is 16 %, where the temperature measurement (6 %, datasheet of the NTC thermistors and ADCs) and the error due to the discrepancies between the calibration and the measurements (10 %, estimated with thermal FEM simulations) are considered. Hence, the following hypotheses are verified by the aforementioned measurements:
• The dielectric response is linear with the electric field and, therefore, the losses of the different harmonics can be measured with small signal excitations and combined. This point is proven by comparing the small and large signal measurements (both for sinusoidal and PWM voltages).
• The electric field pattern computed with FEM is sufficiently accurate for computing the losses. This is verified by comparing the measured CM capacitance and losses to the simulated values. This implies that the dielectric loss simulations done for the transformer during rated conditions (with CM and DM voltages, cf. Subsection IV-B) are valid.
• The proposed approximations (cf. Subsection III-D) can be used to avoid the summation of the spectral losses.
This greatly facilitates the computation of the dielectric losses from FEM simulations since no computationally intensive summations on FEM meshes are required.
V. DESIGN GUIDELINES
The presented approaches and results can be combined in order to extract design guidelines for choosing appropriate MV/MF (dry-type) insulation materials and computing the corresponding dielectric losses:
• First, the relevant frequency and temperature ranges should be identified for the insulation system. The frequency range spans from the switching frequency to the corner frequency defined by the switching speed of the semiconductors (cf. (16)). The obtained switching speed depends on the used semiconductors and the switching conditions (e.g., ZVS and hardswitching). The usage of converter topologies featuring multiple levels (e.g., cascaded bridges, modular multilevel converter) [15] , [25] and/or ZVS (e.g., dual active bridge, series resonant converter) [2] , [5] , [8] , [10] reduces the stress applied to the insulation due to the smaller voltage steps and the reduced switching speeds, respectively.
• The insulation material should be chosen such that no large loss peak occurs in the aforementioned operating range (cf. Fig. 3 ). Particularly, the α relaxation (glass transition temperature) puts a constraint on the temperature range. The β relaxation is less critical but the associated superlinear increase of the dielectric losses as a function of operating frequency should be taken into account. For most insulation materials, the permittivity and dissipation factor provided in the datasheets do not cover the required frequency and temperature ranges. Depending on the required accuracy, the missing information can be extrapolated, taken from available material databases, or measured with a dielectric spectroscopy setup [37] , [43] , [48] .
• If the permittivity curve is almost constant over the considered spectrum (absence of loss peaks), the approximation (20) applies. If the frequency dependence of the permittivity is moderate (absence of loss peaks), the approximations (27) and (31) can be used. For other cases, the computationally intensive summation (10) is required.
• In power converter insulations, the dielectric materials are usually not the primary source of losses (e.g., core, winding, and semiconductors). If the external losses (e.g., winding losses and core losses) are dominating, the dielectric losses can be neglected for computing the temperature distribution. If the external losses and the dielectric losses are in the same range, the impact of the dielectric losses on the temperature distribution should be taken into account with an iterative process. This iterative process is also required for detecting thermal runaways.
• The dielectric losses with MV excitations can be measured with calorimetric methods. However, due to the linearity of dry-type polymeric insulation materials, small-signal frequency domain spectroscopy can also be used. Such measurements can be conducted with complete prototypes or material samples. The latter is particularly useful during design phases. Moreover, some capacitances (e.g., DM capacitance of transformers) cannot be measured with complete prototypes without exciting non-dielectric effects (e.g., conduction losses and magnetic losses). The measurements conducted on the MV/MF transformer prototype prove that the dielectric losses are a critical parameter for MV/MF insulation. However, the choice of a MV/MF insulation material cannot be reduced to the sole dielectric losses. Many other factors influence the suitability of a material for a specific application:
• High Voltage -The breakdown voltage, the bulk conductivity, and the resistance against partial discharges are important properties for MV/MF insulation materials [20] - [22] , [30] , [31] . The DC conductivity is particularly important for determining the DC electric field distribution [23] , [38] , [46] .
• Permittivity -Even if the dielectric losses are proportional to the imaginary part of the permittivity (cf. (10)), the real part is also an important design parameter since it is responsible for the capacitive reactive power in the insulation. Relatively large displacement currents may create losses in the grounding system, oscillations, and EMI issues [6] , [23] .
• Thermal -The thermal conductivity of the insulation is critical since it directly defines the thermal performance of the system. However, materials with high thermal conductivity often feature poor (di)electric performance [43] , [46] . Furthermore, the maximum operating temperature (thermal aging) and the flammability of the material should be taken into account.
• Chemical -The resistance to moisture and corrosion, as well as the chemical compatibility with other materials (e.g., glue, windings, and coil formers), has to be considered. The aging of the material is also an important issue [20] , [22] .
• Mechanical -The mechanical properties (e.g., flexible, rigid, brittle, surface adhesion, and thermal expansion), as well as the processing capabilities (e.g., milling, potting, viscosity, and presence of cavities or defects), should also be investigated [46] . Trade-offs are required between these properties. The unfilled epoxy resin ("vonRoll Damisol 3418") considered in this work features a high glass transition temperature, relatively low losses, a moderate permittivity, and a good mechanical stability. However, this material has a low thermal conductivity, is brittle, and exhibits high losses near the glass transition temperature. An unfilled silicone elastomer, compared to the selected filled silicone elastomer ("Dow Corning TC4605 HLV"), would have lower losses but also lower thermal conductivity and a reduced mechanical stability [58] . Generally, the adjunction of a thermally conductive filler (e.g., SiO 2 and Al 2 O 3 ) increases the permittivity, degrades the (di)electric performance, and increases the viscosity of the polymer (before curing).
Non-pottable and/or non-polymeric insulation materials, such as mica, ceramic (e.g., AlN and AlSiC), aramid (e.g., Nomex), polyimide (e.g., Kapton) also feature interesting properties, i.e. high breakdown strength (especially for thin layers), good resistance to partial discharges, and low losses [43] , [62] . These materials are typically combined with potted polymeric materials or oils, in order to avoid the presence of air near the electric field hot spots, which can lead to partial discharges [56] .
VI. CONCLUSION
This paper examines the dielectric losses in the insulation of MV converters. The dielectric losses are a quantitative indicator for the MF insulation stress, which is useful for design and diagnostic processes. First, the modeling of dielectric losses in time and frequency domain is reviewed. Afterwards, the impact of PWM voltages generated by typical power converters on the dielectric losses is studied. Analytical expressions for calculating the dielectric losses of the frequency-dependent materials used in dry-type insulation systems are derived. It is shown that fundamental frequency analysis inaccurately determines the dielectric losses with PWM voltages. For obtaining the correct spectrum, a model of the switching transitions is also required. The proposed approximations are verified with permittivity measurements conducted for a typical MV insulation epoxy resin at different frequencies and temperatures (less than 16 % error). It is shown that, for accurate loss predictions, the frequency and temperature dependences of the material parameters should be considered.
The described computation techniques are applied to a MV/MF transformer used in the DC-DC converter (7 kV to 400 V, 48 kHz, and 25 kW) of a SST. With the considered epoxy resin, the insulation losses reach 17 % of the total transformer losses. Moreover, a thermal runaway, associated with the loss peak at the glass transition temperature, limits the achievable power rating. The usage of a high performance silicone elastomer mitigates the aforementioned problems. The realized prototype, which features a silicone elastomer insulation, is measured with small-signal spectroscopy and with MV large-signal calorimetric methods. It is shown that the deviations between the measurements and the proposed computation methods are below 13 %. Finally, guidelines are given for selecting suitable insulation materials for MV/MF applications.
APPENDIX

A. PWM with Frequency-Independent Materials
This is the derivation of the approximation of the dielectric losses produced by frequency-independent materials under PWM voltages (cf. (20) , (21) , and (22)). From (18) and (19) , the normalized losses P can be written as (with the hypothesis ε r f = const.):
The infinite summation can be approximated by a finite summation (until the corner frequency of the first-order low-pass filter, cf. (16)). The following expression is derived (using the double angle trigonometric formula): 
C. PWM with Frequency-Dependent Materials
This is the derivation of the approximation of the dielectric losses produced by frequency-dependent materials under PWM voltages (cf. (27) , (28), (29) , and (30)). First, the duty cycle is fixed to D c = 50 %. From (18) and (19) , the normalized losses P can be written as
. (46) With the chosen duty cycle, only the odd harmonics are non-zero. As shown in Appendix A, the summation can be truncated at the corner frequency:
This summation can be approximated with an integral [64] . The inaccuracy of this approximation near the fundamental frequency is compensated by an additional term P add :
where the factor 1/2 results from the fact that only odd values of n are considered. The term P add is chosen such that the approximation is equivalent to (39) for the special case of a frequency-independent ε r f . This leads to
which, together with (48) , is equal, after some trivial algebraic operations, to the expressions proposed in (27) , (28), (29) , and (30).
D. Accuracies of the Kramers-Kronig Approximation
The Kramers-Kronig relations (cf. (7)) are compared with the approximation (cf. (8)). For the comparison, the epoxy resin "vonRoll Damisol 3418", which presents the typical characteristics of a polymeric insulation material, is used (cf. Fig. 7 ) [49] . Fig. 4 ) Fig. 17(a) shows the relative error between the measured ε r f , T and the values computed with (7) . Due to the presence of singularities, the numerical integration of (7) is challenging. In this work, the Maclaurin's formula has been used, as described in [65] . The error between the two curves can be explained by several factors [66] : the accuracy of the measurements, the presence of non-linearities (especially for reduced frequencies), and the fact that (7) requires the permittivity for the complete spectrum (from 0 Hz to ∞ Hz). Therefore, the computation is less accurate at the boundaries of the measured frequency range. Nevertheless, the deviation is below 17 % for the complete range and below 7 % for frequencies and temperatures located outside the relaxation peaks (below 1 MHz and below 120
• C). Fig. 17(b) depicts the relative error between the measured ε r f , T and the values computed with (8) . The local approximation is accurate (less than 9 % error) for frequencies and temperatures located outside the relaxation peaks (below 1 MHz and below 120
• C). For the complete range, the maximum error reaches 60 %, indicating that the approximation of the Kramers-Kronig relations should not be used around the loss peaks.
E. Accuracies of the Dielectric Losses Approximations
The proposed approximations for the loss computation are compared to the summation (10) . For the summation, two approximations of the switching transitions are used: the ramp function ("ramp") and the step response of a first-order low-pass filter ("low-pass"), cf. Fig. 4(b) ). The considered parameter ranges are based on typical values used for MV converters. The obtained maximum relative errors over all the possible combinations are considered. A condition is set on the duty cycle, switching frequency, and switching speed in order to avoid quasi-triangular pulses.
Tab. V contains the results for the losses of frequencyindependent materials subject to PWM voltages (cf. Subsection III-A). It appears that the proposed approximation is valid. A fundamental frequency analysis of PWM voltages is invalid (78 % error).
Tab. VI shows the errors for the losses with frequency and temperature dependent materials subject to PWM voltages (cf. Subsection III-D). For the analysis, the epoxy resin "vonRoll Damisol 3418", which presents the typical characteristics of a polymeric insulation material, is considered (cf. Fig. 7 ) [49] . The proposed approximations are valid. It appears that the frequency dependence of the permittivity cannot be neglected (111 % error).
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